Adoptive immunotherapy with human cytotoxic T lymphocytes (CTL) is a promising cancer treatment. Previously we showed that human CTLs against various types of tumors can be efficiently produced by coculturing peripheral blood cells with target cells. The aims of this study were to simulate the interaction of CTLs and micrometer-size tumor tissues in vitro and to assess the required number of CTLs at local tumor sites for degradation of a tumor. Allogeneic CTLs against a human transitional cell carcinoma cell line and autologous CTLs against a renal cell carcinoma cell derived from a surgical specimen were generated. The cytotoxic activities of CTLs against tumor cells in monolayer culture and tumor spheroids formed in U-bottom 96-well culture plates were assessed. Both allogeneic and autologous CTLs showed greater destructive activity than lymphokine activated killer (LAK) cells against target tumor spheroids. CTLs inoculated at E/T ratios of 0.1 to 1 coexisted with the tumor spheroid for 5 to 6 days and then increased in number with apparently lethal activity against the tumor spheroid. In contrast to CTLs, the increase in LAK cell numbers was scarcely observed, and the proliferated LAK cells did not show cytotoxicity against the tumor spheroid. These observations suggest that, when a small number of CTLs reach a local tumor site, they can destroy micrometer-size tumors after considerable local proliferation.
Introduction
Human cytotoxic T lymphocytes (CTL) can be efficiently generated in vitro by coculturing peripheral blood mononuclear cells (PBMC) with cultured target tumor cells or with formalin-fixed and paraffinembedded tumor sections using a medium containing interleukin (IL)-1, 2, 4 and 6 (Liu et al., 1995 (Liu et al., , 1996 (Liu et al., , 1998 . The CTLs killed over 80% of monolayercultured target tumor cells at a low effector/target (E/T) ratio within 24 hr (Liu et al., 1995 (Liu et al., , 1996 (Liu et al., , 1998 . These results suggest that adoptive immunotherapy with in vitro generated CTLs is promising for cancer patients. Indeed, preliminary clinical studies using in vitro activated T cells showed therapeutic benefit against several cancers such as renal cell carcinoma, glioma and malignant melanoma (Plautz et al., 1998; Chang et al., 1997) . However, these reports also suggest that the present adoptive immunotherapy with CTLs is not powerful enough to completely degrade tumor mass. Several reasons for the limited efficacy were proposed: heterogeneity of the population of infused effector cells, poor localization of the transferred effector cells to tumor sites, and sub-optimal activity of the effector cells at the local tumor sites (Yee et al., 1997) .
Many investigators consider that the CTL activity of tumor-infiltrating lymphocytes (TIL), which are the most widely used effector cells in adoptive immunotherapy, plays a major role in tumor regression (Rosenberg et al., 1988; Topalian et al., 1989; Bukowski et al., 1991) . However, the median percent 111 In injectate per gram of tumor was reported to be only 0.0021 in the study of 111In-labeled TIL infusion for melanoma patients (Pockaj et al., 1994) . These observations suggest that the efficacy of adoptive immunotherapy in vivo depends primarily on the activity of a small fraction of the effector cells. Thus, more precise knowledge of effector cell activities at local tumor sites and a more efficient method of delivery of effector cells are necessary. Two points need to be determined. First, whether the high level of cytotoxic activity of CTLs observed in monolayer culture truly carries over to tumor tissue composed of packed multilayers tumor cells. Second, how many CTLs must be delivered to the local tumor site to exert sufficient anti-tumor activity?
In order to address these questions, we conducted experiments with multi-cellular tumor spheroids as a model of micrometer-size tumor tissues. Although lacking appropriate stroma and blood vessels, the multicellular tumor spheroid model is thought to provide a useful experimental model to analyze the interaction between lymphokine activated killer (LAK) cells and solid tumor cells at the local tumor sites (Jaaskelainen et al., 1989; Iwasaki et al., 1990) . In the present study, we used U-bottom 96-well culture plates (Koide et al., 1990) to evaluate the interaction between human allogeneic and autologous CTLs and solid uniform-size tumor spheroids. The results suggest that CTLs can efficiently degrade the spheroid after their numbers increased at the local site.
Materials and methods

Target tumor cells and formation of uniform spheroids
Human bladder transitional carcinoma cell line T24 obtained from RIKEN Cell Bank was maintained in modified Eagle's medium (MEM) containing 10% fetal bovine serum (FBS). Renal cell carcinoma TUHR10TKB cells were derived from the surgically resected specimen of a 69-year-old man and were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% FBS. For spheroid formation and maintenance, the medium RHAMα containing 5% heat-inactivated FBS was used. RHAMα is a mixture of RPMI 1640, Ham's F12, and MEMα at the ratio of 3:1:1 by volume that has been developed for serum-free culture of LAK cells (Kawai et al., 1992) . Spheroids were formed in U-bottom 96-well culture plates (Sumitomo Bakelite Co., Ltd., Tokyo, Japan). The tumor cells, 7.5 × 10 3 in 100 µl of medium, were seeded in each well of the plates. After one hour incubation at 37 • C in a humidified CO2 incubator, the plate was centrifuged at 1500 rpm (140 × g) for 10 min and the culture was continued. A uniform-size spheroid was formed in each well within 24 hr and was maintained with a half medium change every other day.
Generation of CTLs and LAK cells
Generation of CTLs was carried out as described previously (Liu et al., 1995 (Liu et al., , 1998 . Briefly, PBMCs from heparinized peripheral blood were separated by conventional Ficoll-Paque gradient centrifugation, and suspended at a concentration of 1 × 10 6 cell ml −1 in RHAMα medium supplemented with autologous plasma (5%) or heat-inactivated FBS (5%), IL-1 (Genzyme Co., 167 U ml −1 ), IL-2 (Sionogi Co., Ltd., 67 U ml −1 ), IL-4 (Genzyme Co., 67 U ml −1 ), and IL-6 (Genzyme Co., 134 U ml −1 ). The PBMCs were cocultured in 6-well culture plates which contained a confluent monolayer of the target cancer cells previously irradiated with 30 Gy. Half of the culture medium was changed every other day. After complete lysis of irradiated target cells (usually 2 weeks), the lymphocyte preparations were restimulated weekly with live target cells at an E/T ratio of 10.
LAK cells were prepared by culturing PBMCs (1 × 10 6 cell ml −1 ) in RHAMα medium supplemented with autologous plasma (5%) or heat-inactivated FBS (5%) and IL-2 (500 U ml −1 ) for 2-4 weeks. The mouse anti-human CD3 monoclonal antibody (OKT3, Nichirei Co.) at a final concentration of 0.1 µg ml −1 was added weekly for the first 4 weeks. Allogeneic CTL and LAK cells against T24 (T24-CTL and T24-LAK, respectively) were induced from PBMCs of a healthy volunteer, and autologous CTL and LAK cells (TU-CTL and TU-LAK, respectively) against the target TUHR10TKB cells were induced from PBMCs of the renal cell carcinoma patient TUHR10. 
Cytotoxicity of effector cells against monolayer target cells
The cytotoxic activity of CTLs against target cells in monolayer culture was assayed by crystal violet (CV) staining as described previously (Liu et al., 1995) . This low-cost CV assay is as sensitive for assessment of the killing activity of lymphocytes against adherent target cells as the standard 51 Cr-release cytotoxicity assay (Liu et al., 1995) in the range of E/T ratios of 10 or below. Above this E/T ratio, underestimation, though slight, of the killing activity of effector cells was observed because of the firm attachment of a small number of the effector cells to the adherent target cells.
Briefly, the target cells, 1 × 10 4 cells/well in 200 µl culture medium, were seeded in each well of 96-well plates and were precultured overnight. After the culture plate was washed with PBS, the cultured lymphocytes suspended in 200 µl of LAK cell or CTL culture medium were added as effector cells to each well at the indicated E/T ratio. The cells were cocultured for 12 hr, and then were washed once gently with PBS. Adherent target cells were fixed for 1 hr with 10% (v/v) formalin (200 µl/well), then stained with crystal violet solution (0.4% in water, 100 µl/well) for 30 min at room temperature. The plate was washed with tap water and dried at room temperature. To each well, 200 µl of 80% methanol was added and the OD at 570 nm of each well was determined. The mean of triplicated samples was determined, and the percentage of surviving target cells was expressed as follows:
where A is the absorbance of control target cells precultured in a separate plate just before the addition of the effector cells, B is that of remaining target cells to which effector cell were added, and C is that of effector cell only. Each value in the figures represents the mean of triplicates accompanied by a SD error bar. Note that some results show more than 100% survival because of rapid growth of target cells during the 12 hr incubation. Experiments for the determination of the cytotoxicity were repeated twice or more.
Determination of spheroid volume and cell numbers in a spheroid
In the spheroid culture, all tests were performed after confirming the formation of a single spheroid in each U-bottomed well of the 96-well culture plate. After incubation with or without effector cells, the tumor spheroid was gently aspirated with micropipette tip and transferred to the well of another 96-well plate and fixed with 50 µl of 10% formalin. The spheroid size was measured under a microscope. The volume (V) of the spheroid was calculated from the 2 orthological diameters (a and b) using V = 3.14 aXb2/6 where b is the longer axis. Morphological analysis was carried out after hematoxylin-eosin (H-E) -stained sections were cut from formalin-fixed paraffin-embedded spheroids.
To count cells, the spheroids were dissociated with 0.2% trypsin, and the total number of viable cells was counted on a hemocytometer by the conventional trypan-blue staining method. Each experiment was repeated at least twice.
Flow cytometry
For cytometric analyses, 2 × 10 5 effector cells were stained with FITC-conjugated monoclonal antibody at 4 • C for 30 min. Flow cytometry was performed with a FACScan (Becton-Dickinson). FITCconjugated monoclonal antibodies used were anti-CD3, anti-CD4 and anti-CD8 (Nichirei Co., Tokyo, Japan, OKT-3, OKT-4 and OKT-8, respectively) and anti-CD45 (Dako Japan Inc.). 
Results
Formation and viability of the micrometer-size tumor cell spheroids
Both T24 and TUHR10TKB cells formed a spheroid in each well without satellite aggregate formation or fragmentation (Figures 1a, d and e) . Diameters of T24-shperoids and TU-spheroids were 382 ± 35 µm (mean ± SD, n = 9) and 589 ± 95 µm, respectively, just after the spheroid formation. The spheroids retained their morphology for at least 2 weeks in the culture. T24 cells continued proliferation in the spheroidal culture for two weeks and, consequently, the cell number in the spheroid doubled. In contrast, TUHR10TKB cells did not exhibit obvious proliferation in the spheroid (Figure 2 ). Trypan blue vital staining showed that over 90% of cells forming the spheroids were viable (Figure 2, dotted lines) . H-E staining of the spheroids after 7 days of culture revealed no central necrosis in the spheroids (Figures 1d  and e) .
Cytotoxic activities of CTLs against monolayer target tumor cells
Both allogeneic T24-CTL and autologous TU-CTL were generated against monolayer cultured target T24 cells and TUHR10TKB cells, respectively. They consisted of over 95% CD3 + , over 95% CD8 + and 1-5% CD4 + cells. T24-CTL showed higher cytotoxicity than T24-LAK cells derived from the PBMCs of the same subject. Higher cytotoxicity was also observed in TU-CTL than in TU-LAK cells generated from the autologous PBMCs of the patient TUHR10. These two CTLs killed over 90% of the corresponding target tumor cells within 12 hr at E/T ratios of 4 and 10, respectively (Figures 3a and b) . The cytotoxicity of T24-CTL was specific to T24 cells so far examined. T24-CTL did not kill two uterine cancer cell lines, OMC-1 and MIN-2, both of which have been established in our laboratory (Figure 3c ). TU-CTL were also specific to the autologous renal carcinoma, TUHR10TKB cells, and did not kill renal carcinoma cell lines Hpt.10, Hpt.15, TUHR3TKB or TUHR4TKB, which were established in our laboratory as previously reported (Liu et al., 1998) .
Cytotoxicity of CTLs against tumor cell spheroids
T24-CTL inoculated at an E/T ratio of 4 (3 × 10 4 cells/well) significantly reduced the volume of T24-spheroids within 24 hr, and the T24-spheroids had totally disintegrated by 48 hr (Figure 4a ). In contrast, T24-spheroids treated with T24-LAK cells showed (Figure 4a ). When cocultured with T24-CTL, the surface of the T24-spheroids became indistinct and lacked integrity under microscopic examination. These morphological changes were hardly observed in the T24-spheroids treated with T24-LAK cells.
To determine the number of tumor cells in each well, spheroids with or without effector cells were dissociated by trypsinization to form single-cell suspensions after 24 hr coculture, and the number of whole cells in the well was counted with a hemocytometer. The number of the tumor cells was calculated from the ratio of CD45-negative cells in the cell suspension after staining with anti-CD45 monoclonal antibody and the flow cytometry. As shown in Figure 4b , the number of tumor cells was significantly decreased when T24-spheroids were cocultured with T24-CTL. In contrast, there was no significant decrease in the number of tumor cells in the wells treated with T24-LAK cells.
When T24-CTL and TU-CTL were inoculated into spheroid cultures at the E/T ratios of 0.1 and 1, respectively, they did not instantly reduce the volume of the spheroids. At these E/T ratios, both of the T24-and TU-spheroids were morphologically stable for at least 5 days. During this period, the number of T24-CTLs and TU-CTLs increased constantly in the coculture (Figure 5a ). However, both T24-LAK cells and TU-LAK cells maintained very slow growth for 8 and 12 days in coculture, respectively.
In contrast to the CTL growth, the increase in the volume of the CTL-treated T24-spheroids was suppressed for 5 days and began to decrease rapidly after 5 day in coculture. Complete degeneration of the T24-spheroids was observed after 7 days in coculture, although an apparent volume increase was observed in the control T24-spheroids and the LAK cell-treated T24-spheroids (Figures 1b and c, Figure 5b ). In the TU-spheroids, as well, rapid destruction was observed after 5 days of coculture. T24-LAK cells and TU-LAK cells did not show destructive activity against corresponding tumor spheroids (Figures 5b and c) .
Phenotypic analyses of the increased number of CTLs cocultured with tumor spheroids revealed that T24-CTL consisted of over 99% CD3 + , 1.4% CD4 + and 95% CD8 + , and TU-CTL consisted of over 99% CD3 + , 21% CD4 + and 86% CD8 + .
Discussion
In the present study, we cultured tumor-cell spheroids as an experimental model of micrometer-size tumor tissues in order to evaluate activities at the local tumor sites. First, in the spheroid model, the CTL showed higher destructive activity than LAK cells against the allogeneic and autologous tumor spheroids, as has been observed against the monolayer culture of the target tumor cells. Second, CTLs inoculated at E/T ratios of 0.1 and 1 initially coexisted with the tumor spheroids for 5-6 days, and then rapid reduction of the volume of the tumor spheroids was observed (Figure 5) . Third, the proliferated lymphocyte population was CD8+ dominant, similar to the population at the start of the coculture. In contrast to CTLs, proliferation was not observed in the allogeneic T24-LAK cells (Figure 5a ). Autologous TU-LAK cells showed moderate proliferation, but the proliferated LAK cells did not exhibit apparent destructive activity against the tumor spheroids (Figure 5c ). At the E/T ratios of 0.1 and 1, the number of CTLs may have not been sufficient to degrade the tumor spheroid in the initial 5 days of coculture (Figures 5b and c) . After 5 days of coculture with the tumor spheroid, T24-CTLs numbered 3 × 10 4 per well. Thus, the estimated local E/T ratio at day 5 was above 5. Similarly, the estimated local E/T ratio in the coculture of TU-CTL and the TU-spheroid exceeded 6 at day 5. These observations suggest that some minimum E/T ratio in which the effectors cells are definitively superior to the target cells is essential at the local tumor site to degrade the tumor tissues.
While CTLs showed promising activity against solid-tumor spheroids in the present in vitro study, it may be difficult to directly deliver sufficient numbers of effector cells to tumor tissue to achieve high enough E/T ratio in vivo because of non-specific entrapping of infused lymphocytes (Lotze et al., 1980) . Although there has been some controversy about tracking patterns of activated lymphocytes, recent results of in vivo gene marking studies did not support tumor-homing ability of bulk TILs (Economou et al., 1996; Merrouche et al., 1995) . To overcome this limitation, two methods to achieve definitively superior E/T ratio in vivo are possible: One is to increase the homing capacity of effector cells to localize preferentially into the tumor tissues, and another is to support the proliferation of effector cells at the local tumor site. Several animal studies suggested that the in situ-activated CTLs but not bulk TILs may have significant capacity to localize to tumor tissues (Matsumura et al., 1994; Park et al., 1995) . In addition, recent analysis of the cell-surface phenotypes of TILs revealed that the TIL which expresses high levels of several adhesion molecules including cutaneous lymphocyte antigen, showed enhanced integrin-mediated adhesion to dermal micro-vascular endothelium in vitro (Adams et al., 1997) . These observations suggest that modification of the cell-surface adhesion molecules may increase a phenotype with selective homing capacity in vivo. The present multicellular tumor spheroid is thought to be a useful experimental model for investigating the adhesion molecules that mediate interaction between CTL and solid tumor cells. The expansion of CTLs in situ would be the other possible strategy to achieve the high local E/T ratio. The present study demonstrated that the CTL is a promising effector cell having superior ability to multiply at the local tumor site while retaining cytotoxicity compared to LAK cells. Although the results were obtained under the optimal environment for CTL growth, the present model might be useful to investigate the optimal microenvironment that supports CTL proliferation and activity at local tumor sites. These findings will be quite helpful for developing combination treatment adjunctive to CTL adoptive immunotherapy.
